Recent demand for thermoelectric materials for power harvesting from automobile and industrial waste heat requires oxide materials because of their potential advantages over intermetallic alloys in terms of chemical and thermal stability at high temperatures. Achievement of thermoelectric figure of merit equivalent to unity (ZT % 1) for transition-metal oxides necessitates a second look at the fundamental theory on the basis of the structure-property relationship giving rise to electron correlation accompanied by spin fluctuation. Promising transition-metal oxides based on wide-bandgap semiconductors, perovskite and layered oxides have been studied as potential candidate n-and p-type materials. This paper reviews the correlation between the crystal structure and thermoelectric properties of transition-metal oxides. The crystal-site-dependent electronic configuration and spin degeneracy to control the thermopower and electron-phonon interaction leading to polaron hopping to control electrical conductivity is discussed. Crystal structure tailoring leading to phonon scattering at interfaces and nanograin domains to achieve low thermal conductivity is also highlighted.
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INTRODUCTION
In the recent past, it was realized that there is an urgent requirement for alternative and sustainable energy sources as well as different types of energy conversion technology due to the scarcity of fossil fuels. [1] [2] [3] To arrest the adverse effects of global warming and consequent climate change, green and renewable energy sources such as solar, wind, hydropower, biomass or thermal energy should be taken into consideration. Current research interest focuses on developing functional materials followed by their application in innovative technologies such as fuel cells to convert chemical energy to electricity, photovoltaic cells to convert solar energy (sunlight) to electricity, or thermoelectric generators to enable direct conversion of heat energy to electrical energy. Among the above energy conversion technologies, thermoelectricity has received a resurgence of attention as a large part of the world's overall energy resources such as solar radiation, geothermal heat, and industrial and automobile exhaust are discharged as waste heat into the environment without practical application. Although waste heat can be used as thermal energy for other processes, storage and transfer of heat energy is a Herculean task, while electricity is useful and convenient for many purposes. Thermoelectric energy conversion has therefore received renewed attention, being based on a class of materials known as thermoelectric materials that can recover waste heat and convert it into electrical power. 4, 5 In contrast to other energy conversion technologies, thermoelectric power generation has many desirable properties, such as no moving parts, simple configuration, maintenance-free operation for thousands of hours, adaptability for any temperature range, no scaling effect from milliwatt to kilowatt ranges, etc., to make potential contributions towards reducing greenhouse-gas emissions and providing a cleaner form of energy. 6 Thermoelectric power generation devices consist of alternate p-and n-type thermoelements connected electrically in series and thermally in parallel. In 1821, Seebeck 7 discovered that a circuit made from two dissimilar metals with the junctions maintained at different temperatures generated an electric voltage (the Seebeck effect). In 1910, Altenkirch 8 described for the first time the maximum efficiency of a thermoelectric generator and performance of a cooler, which later helped develop the dimensionless figure of merit, ZT = S 2 rTj À1 , where Z and T are the figure of merit and the absolute temperature, respectively. To realize efficient thermoelectric energy conversion, the thermoelectric materials should have low thermal conductivity (j), high electrical conductivity (r), and large Seebeck coefficient (S). 9 The low j is necessary to introduce a large temperature gradient between two ends of the material, whereas the high S and r are needed to generate a high voltage per unit temperature gradient and to reduce the internal resistance of the material, respectively. Although there is no upper limit on ZT values, most state-ofthe-art thermoelectric materials have a maximum ZT value of 1 to 2 in their respective temperature range of operation because of the interdependence between S, r, and j. The conversion efficiency (g) of thermoelectric power generation is typically defined as
where T h and T c are the hot-and cold-side temperatures, respectively, T m is the mean temperature, the first term is the Carnot efficiency, and ZT m is the figure of merit for the device. 10 The above equation indicates that the thermoelectric energy conversion is related to the figure of merit of the materials and the temperature gradient (T h -T c ) of operation. Therefore, considering T c as room temperature, the higher the hot-side temperature (T h ), the greater the thermoelectric conversion efficiency, over and above the ZT values of the materials. ZT = 1 corresponds to 5% conversion efficiency at T h = 400 K and almost 15% conversion efficiency at T h = 900 K considering T c = 300 K. This clearly indicates that stability at high operation temperature is equally important as high ZT values of the thermoelectric materials to achieve greater heat to electrical energy conversion efficiency. 5 In 1949, Ioffe 11 developed the principles of thermoelectric conversion that heavily doped semiconductors or semimetals with carrier concentration n on the order of 10 18 cm À3 to 10 20 cm À3 and with bandgap of $10k B T can be the best thermoelectric materials. The state-of-the-art thermoelectric materials used in commercial applications are in agreement with these guidelines and can be divided into three groups, depending on the temperature range of operation (Fig. 1) . For near-room-temperature applications such as refrigeration and waste heat recovery up to 450 K, Bi-Te-based alloys have been proved to possess the best performance (maximum ZT % 0.8 to 1.4) for both n-and p-type thermoelectric systems. 12 The intermediate-temperature region, i.e., 500 K to 900 K, is the regime of materials based on group IV tellurides such as Pb-Te-based alloys with maximum ZT > 1.5 at 800 K for both p-and n-type materials. 13, 14 In the high-temperature region (>900 K), thermoelectric generators have typically used silicongermanium alloys for both n-and p-type elements, though the ZT values of these materials, particularly for the p-type Si-Ge alloys, is fairly low because of their relatively high lattice thermal conductivity. 5 Although the above-mentioned materials remain the cornerstone for commercial applications of thermoelectric generation and refrigeration, the environmental issue of hazardous Bi and Pb alloys restricts them from several applications. Further, these compounds are of limited practical use at high temperature (T % 1000 K) because their constituents can easily decompose, vaporize or melt or be oxidized in air at high temperatures. Moreover, employing these heavy metals should be avoided as far as possible, as they are usually toxic, low in abundance as natural resources, and are not environmentally friendly. Compared with the abovementioned thermoelectric alloys, metal oxides are more suitable for high-temperature applications because of their structural and chemical stabilities, oxidation resistance, easy manufacturing, and low cost. [15] [16] [17] [18] [19] 
PHYSICAL PROPERTIES OF METAL OXIDES
Metal oxides play a crucial role in a wide range of technological applications including electronics, magnetic devices, optical devices, sensors, actuators, fuel cells, and many more. However, according to Ioffe's theory, metal oxides are considered as poor candidates for thermoelectric applications. Metal oxides are ionic in nature with smaller orbital overlap (narrow band) than covalent intermetallic alloys. This leads to largely polarized metal-oxide bonds, which causes carrier localization with carrier mobility two to three orders of magnitude lower than for the covalent case. On the other hand, the large bonding energies (due to ionic bonds) and the small atomic mass of oxygen result in higher vibrational frequencies of the crystal lattice, yielding high lattice thermal conductivity.
In 1997, Terasaki et al. 20 reported Na x CoO 2 crystal with large positive Seebeck coefficient (S % 100 lV K
À1
) and high electrical conductivity (r % 500 S m
). This may result in ZT of 1, considering the low thermal conductivity (j % 4 W m
) of Na x CoO 2 . This report was a breakthrough for oxide materials as potential thermoelectric candidates, making them competitive with traditional intermetallic thermoelectric materials. During the last decade, oxide thermoelectric materials containing transition-metal oxides with strongly correlated electron systems accompanied by spin fluctuation have attracted much attention as promising candidates and have been extensively investigated.
Seebeck Coefficient of Metal Oxides
The Seebeck coefficient or thermopower is defined as the difference of electrochemical potential per unit temperature gradient that develops across an electrically isolated sample subjected to a temperature differential. The theory of irreversible thermodynamics 21, 22 relates the thermopower and transport coefficients as follows:
where e is the electronic charge, k B is the Boltzmann constant, l c is the chemical potential, T is the absolute temperature, and H is the heat transport per particle. In the high-temperature limit, heat transport becomes negligibly small as the heat transfer integrals become much lower than k B T, H can be neglected, and the thermopower becomes proportional to the chemical potential related to the entropy of the system as
The thermodynamic identity for chemical potential is
where s is the configurational entropy, n is the number of charge carriers, and E and V are the internal energy and the internal volume, respectively. The above equation clearly demonstrates that the thermopower can be defined as the entropy per charge carrier in a solid. Therefore, the thermopower can be written as However, in strongly correlated systems such as transition-metal oxides, the spin and orbital degrees of freedom of the charge carrier must be considered to evaluate the thermopower. Therefore, for T fi 1, the entropy can be written as s = k B ln g, where g is the electronic degeneracy, and the above equation can be rewritten as
For spinless fermions ( Fig. 2A) , no two particles can occupy the same site and the degeneracy is
Using Stirling's approximation and differentiating with respect to n,
where q is the ratio of charge carriers to sites (q = n/ N v ; n is the number of charge carriers and N v is the number of available sites). This is the generalized Heikes formula. 23 This situation is physically applicable to a system in enormous magnetic fields or electron-paired with strong binding energy. For fermions with spin (k B T ) U 0 , where U 0 is the on-site Coulomb interaction) (Fig. 2B) , the electronic degeneracy is expressed as
The thermopower is expressed as
For fermions with spin (k B T > U 0 ) with large electron-electron repulsion (forbidden double occupancy) (Fig. 2C) , the electronic degeneracy is expressed as
The thermopower is expressed as 
This equation demonstrates that the magnitude of the carrier concentration (1 À q/q) and the ratio of the electronic degeneracies (g I /g II ) of the ions involved play an important role in defining the magnitude and sign of the thermopower for oxide thermoelectric materials. The above formula is applicable to most thermoelectric oxides, including Na x CoO 2 and its derivative structures La 1Àx Sr x CoO 3 , perovskites and double perovskites, and misfit-layered Ca 3 Co 4 O 9 and its derivative structure Bi 2 (Sr,Ca,Ba) 2 Co 2 O 9 . Figure 3 shows the Seebeck coefficient of n-type Nb-doped CaMnO 3 and p-type Ca 3 Co 4 O 9 synthesized in our laboratory. The negative value of the Seebeck coefficient in the case of CaMn 0.95 Nb 0.05 O 3 indicates n-type conduction. The increase in the thermopower with temperature confirms the semiconductor-like behavior. However, the nominal changes in the S value ($30 lV K À1 ) throughout the entire range of temperature indicate that the thermopower is basically determined by the electron concentration (Eq. 5). The experimental thermopower value can be estimated using the Heikes formula (Eq. 9) where g 3 and g 4 are the electronic degeneracy of Mn 3+ and Mn 4+ and q is the concentration of Mn 3+ at Mn sites. The theoretical thermopower value for CaMn 0.95 Nb 0.05 O 3 is S theo = À178 lV K À1 (considering g 4 /g 3 = 4/10 and q = 0.05) (Table I) , which is in good agreement with experimental values for the same composition: S expt % À170 lV K À1 at 750 K. Similarly, in the case of Ca 3 Co 4 O 9 , the positive value of S throughout the entire temperature range indicates p-type conduction. As in the case of CaMnO 3 , the thermopower of Ca 3 Co 4 O 9 can be estimated using the Heikes formula (Eq. 9) where (Table I ). Considering g 3 /g 4 = 1/6, the theoretical thermopower value is estimated to be S theo = 155 lV K À1 , which is in good agreement with the experimental value for Ca 3 Co 4 O 9 of S expt % À145 lV K À1 at 400 K.
Electrical Conductivity of Metal Oxides
The electrical conductivity of metal oxides has been explained through the polaron hopping model. In solids, electron-phonon interaction results in the formation of polarons. When the electron-phonon interaction is weak, the overlap of neighboring orbitals is larger, resulting in the creation of large polarons. When the electron-phonon interaction is strong, electrons push negative ions further away, and the overlap of neighboring orbitals becomes narrower until electrons fall into localized states. This phenomenon is defined as a small polaron. 25 The direct-current (DC) electrical conductivity (r) of oxide materials can be explained on the basis of the polaron hopping conduction theory of Mott 26 based on the strong electron-phonon (small polaron) coupling approximation. The conductivity in the high-temperature limit (T > h D /2) is given by
where
; m ph is the optical-phonon frequency ($10 13 Hz), N TM is the number of transition-metal ions per unit volume, R is the average hopping distance, M v is the ratio of transition-metal ion concentration in the lowvalence state to the total transition-metal ion concentration, a is the electron wavefunction decay constant of the 3d electron wavefunction, W is the activation for conduction, T is the absolute temperature, and h D is the Debye temperature for the acoustic modes, defined as h D % hm ph /k B , where h is Planck's constant. The tunneling term exp(À2aR) reduces to unity if the conduction is mainly controlled by the activation energy W. This model predicts an appreciable departure from linearity in a ln(r) versus 1/T plot at low temperature (T < h D /2), indicating a decrease in the electrical conductivity with decreasing temperature. Assuming a strong electron-phonon interaction, Austin and Mott 27 expressed the activation energy for hopping conduction as
where W h is the polaron hopping energy and W d is the disorder energy. Both W h and W d are dependent on the dielectric constant of the material. 28 At low temperatures, where the polaron hopping energy (W h ) is small and the static disorder energy (W d ) plays a dominant role in the conduction mechanism, Mott 29 proposed that charge transport may occur beyond nearest neighbors through variable-range hopping. The conductivity for variablerange hopping is given by
where r 0 and T 0 are constants and T 0 is given by
where N(E F ) is the density of states at the Fermi level.
A generalized polaron hopping model proposed by Schnakenberg (Eq. 14) indicates that the conductivity at high temperature is dominated by optical multiphonon processes whereas at low temperature the same is governed by a single optical-phonon process. The activation energy in this model decreases with decreasing temperature. Figure 4 shows the electrical conductivity as a function of temperature for n-type CaMn 0.95 Nb 0.05 O 3 and p-type Ca 3 Co 4 O 9 . In both cases, the conductivity increases with temperature, indicating semiconductor-like behavior as evidenced from the thermopower analysis (Fig. 3) (Table I) .
Thermal Conductivity of Metal Oxides
In a crystalline solid, heat can be carried by charge carriers, described as the electronic contribution j el , and by lattice vibrations, denoted as the lattice component j lattice . The total thermal conductivity (j) is the overall contribution of the electronic and lattice components and can be expressed as j = j el + j lattice . The electronic contribution (j el ) depends on the charge carrier concentration and is related to the electrical conductivity (r) through the Wiedemann-Franz law: j el ¼ LrT, where L is the Lorenz factor on the order of 3 2 k B T; which is equal to the Lorenz factor L 0 = 2.45 9 10 À8 W X K À2 for free electrons. The lattice thermal conductivity corresponds to transfer of vibrational energy from one atom to the next, considered as the propagation of a wave. The quantization of vibrational waves is called a phonon. Phonons are regarded to be the energy carriers responsible for heat conduction in a lattice. The lattice vibration 9 (j lattice ) is independent of the carrier concentration and is observed in all crystalline solids, regardless of whether they are metals, semiconductors, or insulators. The vibration spectrum of a three-dimensional (3D) lattice has three acoustic modes (two transverse and one longitudinal) and (3n -3) optical modes (where n is the number of atoms per primitive unit). Optical phonons do not move through the lattice but oscillate back and forth from their standing positions. The acoustic phonons contribute mainly to the lattice thermal conductivity. The lattice thermal conductivity corresponds to the propagation of phonons in the three spatial dimensions through the crystal lattice and is defined by the phonons in the three dimensions as
s s, where C V is the specific heat per unit volume, s is the phonon relaxation time, l ph is the phonon mean free path, and m s is the velocity of sound, where m s ¼ l ph s. The lattice thermal conductivity is governed by the combination of phonon-phonon scattering, point defect scattering or (in nanostructured materials) boundary scattering, and is expressed as
. 31 A limit on the thermal conductivity is set by phonon collisions that do not conserve momentum. The most important processes involve three phonons and can be of two kinds. In normal or N-processes, both energy and momentum are conserved, and therefore these do not control the thermal conductivity, rather leading to redistribution of phonons. In Umklapp or U-processes, momentum is not conserved, and therefore these directly control the high-temperature thermal conductivity. At high temperatures (T ) h D ), Umklapp phonon-phonon scattering predominantly contributes towards j lattice . At low temperatures (T > h D ), it becomes exceedingly difficult for any U-processes to occur and the thermal conductivity is dominated by boundary and point defect scattering. Boundary scattering in polycrystalline materials depends on the grain sizes and is particularly effective in nanostructured materials such as nanowires, thin films, and nanocomposites. Scattering by point defects arises from both mass and strain contrast within the lattice. Umklapp and point defect scattering target high-frequency phonons, while boundary scattering is often the dominant scattering mechanism at low frequencies. Combining the above scattering mechanisms results in a lattice thermal conductivity which is proportional to T 3 at low temperatures (T > h D ) and varies inversely with temperature (T
À1
) at high temperatures (T ) h D ). However, a detailed theoretical discussion on lattice thermal conductivity lies outside the scope of this paper and is described elaborately in Refs. 9 and 31.
In the case of oxide materials, the major contribution to the total thermal conductivity originates from the lattice. Figure 5 displays the total thermal conductivity and the lattice contribution as a function of temperature for both n-type CaMn 0.95 Nb 0.05 O 3 and p-type Ca 3 Co 4 O 9 . The electronic contribution to the thermal conductivity calculated from the Wiedemann-Franz law (mentioned above) is negligible in comparison with the lattice contribution. This figure indicates that the thermal conductivity of both oxides is mostly dominated by the phonon contribution.
Low j lattice can be obtained by designing many internal interfaces by nanostructuring so that the thermal conductivity can be reduced more than the electrical conductivity due to their different scattering lengths. Nanoengineering techniques enhance phonon scattering through controlling the phonon mean free path by selective scattering of phonons of different wavelength. If the unit cell axis of the oxide is smaller than the mean free path of phonons and larger than the mean free path of electrons or holes, it is possible to reduce j lattice by boundary scattering. Doping normally affects shortwavelength acoustic phonons. However, mid-to long-wavelength phonons remain largely unaffected and conduct heat in a heavily doped system. In contrast, a nanostructured system can scatter midand long-wavelength phonons and thereby further reduce the lattice thermal conductivity. Nanostructuring can be achieved either by in situ formed inhomogeneities at the nanoscale level (nanoinclusions) driven by phase segregation such as spinodal decomposition and nucleation and growth or by nanocomposite formation.
32,33
TRANSITION-METAL OXIDES
Transition-metal oxides with incompletely filled d-electrons and narrow energy bands are strongly correlated electron systems where large coulombic interaction yields close correlation of the spin, charge, orbital, and lattice degrees of freedom of the electrons. Thermoelectric transition-metal oxides can be categorized into four different classes based on their crystal structure as (i) wide-bandgap semiconductor oxides, (ii) perovskite-based oxides, (iii) layered cobalt oxides, and (iv) layered oxychalcogenides.
Wide-Bandgap Semiconductor Oxides
Wide-bandgap semiconductors such as ZnO (3.37 eV), [34] [35] [36] [37] SnO 2 (3.6 eV), [38] [39] [40] and In 2 O 3 (3.6 eV) 41 are well-known n-type oxide thermoelectric materials. These materials are also known as transparent (bandgap $1.5 eV to 3.5 eV) conducting oxides (TCO) ), which in turn results in low figure of merit for these materials. Since the thermal conductivity in oxides is mainly dominated by the lattice contribution, nanostructuring of TCO phases will help in reducing the lattice thermal conductivity through phonon scattering as described in ''Thermal Conductivity of Metal Oxides'' section. Recently, Ohtaki et al. [42] [43] [44] reported a nanocomposite of Al/Gacodoped ZnO (Zn 0.96 Al 0.02 Ga 0.02 O) with ZT % 0.65 at 1273 K (Fig. 6a) . Further, Berardan et al. 41 reported that addition of Ge to In 2 O 3 causes precipitation of fine particles of In 2 Ge 2 O 7 impurity phase, efficiently resulting in a reduced j and thereby high ZT of 0.45 at 1273 K for the composition In 1.8 Ge 0.2 O 3 (Fig. 6b) . Koumoto and coworkers 45 investigated the thermoelectric properties of the homogeneous compounds (ZnO) m In 2 O 3 with layered structure and observed that the figure of merit increased with increasing number of ZnO layers.
Perovskite-Based Oxides
Simple Perovskite Oxides 46 The ideal perovskite oxides are represented by the general formula ABO 3 , where A is typically a rareearth, alkaline-earth or alkali cation and B is the 3d, 4d, or 5d transition metal. The A-site cation is typically larger than the B-site cations. The perovskite structure is described as a framework of a three-dimensional array of corner-shared [BO 6 ] 8À octahedra forming a large dodecahedral void in which the A cations are situated (Fig. 7a) . The dimensions of this framework are determined by the B-O distance, which requires a 0 = 2(R B + R O ), where R O is the radius of oxygen and R B is the radius of B cation. The cell edge a 0 determines the size of the dodecahedral void and hence the permissible size of the A cation. Assuming that Goldschmidt's rule is obeyed, i.e., that ions are in contact with each other, it can be seen from the geometry of the unit cell that
Þ ; where R A is the radius of the A cation. However, the perovskite structure is stabilized even if this relation is not followed exactly. Goldschmidt defined the tolerance factor (t) as t ¼ of molecular orbitals and/or lone-pair effects. Octahedra tilting is the most common distortion, which occurs due to the small radius of the A cation with respect to its 12-fold site within the BO 6 polyhedral framework. The BO 6 octahedra tilt and buckle about pseudocubic axes to accommodate the size of the cuboctahedral void (Fig. 7b) . The octahedra tilting results in changes in A-O bond length so that they are no longer equal. It also causes changes in the A-site coordination and concomitant reduction of the symmetry from ideal cubic to tetragonal, rhombohedral, orthorhombic, monoclinic or triclinic perovskite. 47 Perovskite-based oxides are well known for their exotic physical properties such as high-temperature superconductivity, colossal magnetoresistance, ferroelectricity, and thermoelectricity because of their flexible crystal structure. Perovskite-type phases such as cobaltates, titanates, and manganates reveal remarkable thermoelectric properties at high temperatures on doping at the A and B cationic sites. Perovskite cobaltates are strongly correlated electron systems with 3d electrons having characteristic degeneracy due to spin and orbital degrees of freedom. In perovskite cobaltates (e.g., RECo ). Thus, the sign of the Seebeck coefficient can be adjusted according to the predominance of the charge carriers, i.e., electrons or holes, and thereby p-and n-type cobaltates can be designed by suitable substitutions. Among the cobaltates, LaCoO 3 exhibits a large positive Seebeck coefficient at room temperature with S = 640 lV K À1 , which is characteristic for insulating materials. [48] [49] [50] [51] The value of the Seebeck coefficient of LaCoO 3 strongly depends on the spin state of the cobalt ions and the temperature. LaCoO 3 undergoes two thermally activated spin-state transitions: one at $100 K from low-spin to intermediate-spin ½t Among the perovskite titanates, SrTiO 3 and layered titanate phases in the form of single crystals, 52 ,53 epitaxial films, [54] [55] [56] and polycrystalline ceramics 15, [57] [58] [59] [60] [61] [62] [63] reveal fairly good thermoelectric properties as potential n-type thermoelectric materials due to their excellent electronic transport and stability at high temperatures. Polycrystalline SrTiO 3 :Nb showed a highest figure of merit of 0.37 at 1000 K, whereas a thin film of SrTiO 3 /SrTiO 3 :Nb superlattice was reported to exhibit a largest estimated ZT of 2.4 at room temperature. Like perovskite cobaltates, perovskite titanates can also be made semiconducting by suitable doping as follows (using Kröger-Vink notation): 18 A-site doping:
B-site doping: 18, 78 In our group, we have introduced double substitution at B-sites to understand the role of increasing effective mass on the transport properties of perovskite manganates. 84 Further, simultaneous substitution at A-and B-sites has been introduced to understand the thermoelectric behavior in highly disordered systems. (Fig. 8) , having the same architecture of 12-coordinate A sites and 6-coordinate B sites with mixed valency. B-site ordering occurs either due to a large size difference between B 0 and B 00 ions or when the charge difference is >2. 90 to name but a few. Some of the above double perovskites are half-metallic, possessing an unusual electronic structure in which the electrons with one spin have semiconducting properties while the electrons with the opposite spin have metallic properties. Further, in some double perovskites, all the conduction electrons are completely spin-polarized in the vicinity of the Fermi level. The above-mentioned electronic structure could provide promising electrical characteristics, for instance, when one spin has a wide band from a broad orbital, whereas the other spin has a sharp band (density of states) in the neighborhood of the Fermi level. Moreover, strong phonon scattering is expected in ordered-disordered double perovskite systems. 91 Combining the above two characteristics, i.e., promising electrical conductivity and strong phonon scattering leading to low thermal conductivity, the double perovskite oxides are expected to be good candidates for thermoelectric applications. However, to date, thermoelectric properties have been reported for very few double perovskite oxides. Notable features have been observed for the half-metallic Sr 2Àx M x FeMoO 6 (M = K, Ca, Ba, La) series with thermopower of S % 100 lV K
À1
, electrical conductivity of r % 0.5 9 10 2 S cm À1 to 1.0 9 10 2 S cm
, and thermal conductivity as low as
, giving rise to a figure of merit of ZT = 0.3 at 1100 K. 92, 93 Recently, Sugahara et al. and Takahashi et al. 94, 95 reported interesting thermoelectric properties for Sr 2Àx RE x CoTiO 6 and Sr 2Àx RE x ErRuO 6 , respectively. This indicates that there is plenty of research interest opening new field to explore double perovskite oxides as high temperature thermoelectric materials.
Layered Perovskite Oxides 46
Layered perovskite oxides consist of infinite twodimensional (2D) slabs of ABO 3 -type structure which are separated by some motif. The general formula for the layers is A (mÀ1) B m O (3m+1) , where m indicates the size of the 2D slabs, termed as ''slabs containing m layers of BO 6 octahedra''; i.e., m = 1 means the slab is one BO 6 octahedron thick, m = 2 means it is two BO 6 octahedra thick, etc. The characteristics differentiating layered perovskites are the motif that separates the layers and the offset of the layers from each other, termed the interslab distance. Currently, such layered perovskites are considered to form three groups of homogeneous compounds, which are defined on the basis of the interslab composition (Fig. 9) as follows: Ruddlesden-Popper (RP) phases are described by the general formula SrO(SrTiO 3 ) m (m = integer) and are built up with alternately stacked m-layer perovskitetype SrTiO 3 blocks and one layer of distorted rocksalt (NaCl)-type SrO interlayer with SrTiO 3 as the m = 1 member (Fig. 9a) . RP phases exhibit a number of attractive properties such as superconductivity, dielectric characteristic, magnetoresistance, ionic conductivity, oxygen permeation, and catalysis, owing to their unique structural characteristics, which include the presence of perovskite block layers. RP phases can be regarded as a natural superlattice that has an intrinsic ability to exhibit low lattice thermal conductivity (j lattice ), due to the enhancement of phonon scattering at the numerous internal interfaces of SrO layers in these SrO( 18 However, the ZT values are still low compared with conventional thermoelectric materials. One of the reasons for the low ZT values of polycrystalline RP compounds may be the relatively low electrical conductivity originating from the random distribution of insulating SrO layers. Another reason is the low Seebeck coefficient, which originates from the small carrier effective mass (m * ), being a property intrinsic to the material rather than to its polycrystalline nature. The Dion-Jacobson (DJ) phases are similar to RP phases but differ in that they contain A-site ordered cation and only one sheet of interslab A cations. Therefore, DJ phases do not support the phonon glass-electron crystal phenomenon of thermoelectric materials.
On the other hand, the Aurivillius phase consists of perovskite slabs of (Bi 2 Ti 3 O 10 )
2À with (Bi 2 O 2 )
2+
sheets occupying the interslab regions (Fig. 9b) VO 5.5 , resulting in a dimensionless figure of merit of 0.06 at 910 K. Therefore, layered perovskite oxides need to be explored extensively to obtain better oxide-based n-type thermoelectric materials.
Layered Cobalt Oxides
Layered transition-metal oxides exhibit very different but remarkable physical properties, as shown by the well-known high-T c superconductivity of copper-based oxides, the colossal magnetoresistance in layered manganese oxides, and the room-temperature metal-insulator transition in thallium-based cobaltites. With the discovery of large thermopower in Na x CoO 2 in 1997, layered cobalt oxides have been recognized as good candidates for thermoelectric power applications. 5 Na x CoO 2 has a hexagonal layered structure with alternating stacks of CdI 2 -type CoO 2 layer and charge-balancing Na + ions along the c-axis. The CoO 2 layer is rhombohedrally distorted with edgesharing CoO 6 octahedra stacked in alternating fashion (…ABC CBA…). This yields two different types of trigonal prismatic sites, which are partially occupied by Na + ions in a random way (Fig. 10a ). In the layered structure, electrons and phonons follow different paths, enabling one to control the lattice thermal conductivity by properly choosing the number of insulating block layers. This is a manifestation of the electron crystal-phonon glass model, and this type of material design is termed ''nanoblock integration.'' 5 Therefore, the layered Na x CoO 2 crystal structure can be regarded as a prototype phonon glass electronic crystal, where the ordered CoO 2 layers serve as electronic transport layers, while the disordered Na + blocks serve as phonon-scattering regions to give low thermal conductivity. Further, the CdI 2 -type CoO 2 blocks in layered cobalt oxides favor the low-spin state of Co 3+ and Co 4+ , resulting in large thermopower at high temperatures. 99, 100 Recently, another class of cobaltite, called ''modulated-layered'' cobalt oxide or ''misfit-layered'' cobalt oxide, was discovered, in which the cobalt cations sit in a similar CdI 2 -type layer as in Na (Fig. 10b, c) . However, unlike in Na x CoO 2 , each sublattice of RS 
97,98
and CoO 2 layers is incommensurate with respect to the other monoclinic b lattice parameter. Electron diffraction patterns revealed the coexistence of two monoclinic subsystems of CoO 2 layer and RS block with the same a, c, and b parameters but different b unit cell parameters, b 1 and b 2 , with incommensurability ratio b 1 /b 2 . Similar to Na x CoO 2 , in the case of misfit-layered cobalt oxides, the CoO 2 layer is responsible for electric conduction whereas the rocksalt block stabilizes the crystal structure through ionic interaction. Satake et al. 104 showed that the rocksalt layer controls the lattice thermal conductivity; i.e., the in-plane thermal conductivity reduces with increasing rocksalt layers, leaving the electronic properties of the CoO 2 blocks unperturbed. This indicates that tailoring the crystal structure by introducing more RS layers can eventually result in low thermal conductivity and thereby improve the thermoelectric properties. Such dependence of the thermoelectric properties on the crystal slabs has also been found in the case of (ZnO) m In 2 O 3 and Zintl compounds. 45, 105 Na x CoO 2 single crystal shows large thermopower of 100 lV K À1 and low electrical resistivity of 200 lX cm, resulting in a power factor of 50 lW K À2 cm À1 at 300 K. The room-temperature thermal conductivity of single-crystal Na x CoO 2 lies between 4 W m À1 K À1 and 5 W m À1 K À1 at 300 K. 20, 106, 107 The high-temperature properties of Na x CoO 2 single crystal result in ZT % 1 at 800 K. Polycrystalline Na x CoO 2 has high resistivity resulting in a low ZT value of 0.8. 108, 109 However, application of Na x CoO 2 as a high-temperature thermoelectric oxide is limited due to its hygroscopicity in air and the volatility of sodium above 800°C, resulting in material instability.
The thermoelectric properties of misfit-layered oxide single crystals showed the largest ZT of 1.2 to 2.7 for Ca 3 Co 4 O 9 at 873 K, and ZT ‡ 1.1 for Bi 2 Sr 2-Co 2 O 9 at 1000 K. 110, 111 However, strong anisotropy in the thermoelectric parameters and nonuniform crystal growth limit the performance of bulk compositions to a maximum ZT of 0.5 on doping.
112-115
Layered Oxychalcogenides
Recently, Li et al. [116] [117] [118] [119] [120] reported the thermoelectric properties of BiCuSeO, a quaternary oxychalcogenide of the LnCuChO system (Ln: trivalent ions La, Bi, Nd; Ch: chalcogenide ions such as S, Se, Te) exhibiting high figure of merit as an oxide material reaching ZT % 0.9 at 900 K. Quaternary oxychalcogenides (LnCuChO) belong to the ZrSiCuAs structure type in the tetragonal P4/mmm space group. The crystal structure comprises (Cu 2 Ch 2 )
2À layers stacked alternately with (Ln 2 O 2 )
2+ layers along the c-axis of the tetragonal cell, giving rise to two-dimensional confinement effects based on the natural superlattice structure 116, 121 (Fig. 11) . The Seebeck coefficient is expected to be large due to the carrier confinement effect along the c-axis. 54 It is reported that the (Ln 2 O 2 ) 2+ layer acts as a blocking barrier for carrier transport, and the (Cu 2 Ch 2 ) 2À layer acts as a conductive layer due to the I-VI semiconductor nature arising from the tetrahedral CuSe 4 or CuS 4 structure, similar to those in III-V and II-VI semiconductors. 122 Many of these LnChCuO oxychalcogenides exhibit p-type conductivities as high as 910 S/cm with hole concentrations larger than 10 21 cm À3 and hole mobilities as high as 3.5 cm 2 V À1 s
À1
. Further, the layered crystal structure may also lead to low thermal conductivity by enhancing phonon scattering on the interfaces, the presence of heavy elements, and weak bonding between layers. 41 The wide bandgap (>3 eV) of LnCuChO compounds is primarily determined by the (Cu 2 Ch 2 ) 2À layers: the Cu 4s orbitals mainly control the conduction-band minima (CBM), while admixed Cu 3d and Ch p orbitals mainly control the valence-band maxima (VBM). 121 Further, in the case of BiCuSeO, the pseudoclosed-shell 6s 2 configuration of Bi 3+ forms largely hybridized orbitals (i.e., hole transport paths) with the p orbitals of the Se anion at the VBM compositions, resulting in high-mobility p-type conduction compared with other LnCuOCh oxychalcogenides. BiCuSeO is reported to show good electrical conductivity above 4 9 10 3 S m À1 , large Seebeck coefficient above 200 lV K À1 , and low thermal conductivity of 0.5 W m À1 K À1 , resulting in a figure of merit of 0.7 at 773 K. 117 Further, a ZT value of 1.1 at 923 K has been obtained for heavily doped BiCuSeO with the addition of Ba (Bi 1Àx Ba x CuSeO). Ba doping of BiCuSeO changes the electrical transport property to metal-like behavior, resulting in a substantial increase of ZT. So far, this is the highest ZT value reported for a p-type oxide thermoelectric material. 
CONCLUSIONS
The scarcity of fossil fuels and accompanying adverse environmental concerns demand alternative renewable energy sources. In light of this, thermoelectric energy conversion using thermoelectric materials has received more attention due to its simple configuration, low level of maintenance, ruggedness, and lack of moving parts. Heavily doped semimetals such as Bi 2 Te 3 -, PbTe-, and SiGe-based intermetallic alloys form the benchmark for commercial applications of thermoelectric power generation between 300 K and 800 K. During the last decade, research on oxide thermoelectric materials has become extensive due to their structural and chemical stabilities, oxidation resistance, environmental friendliness, easy manufacturing, and low cost. Transition-metal oxides with strongly correlated electron systems are emerging as new thermoelectric materials with figure of merit (ZT % 1) comparable to conventional materials. Through the crystal structure, the electron, spin, and orbital degeneracy, polaron hopping, and phonon scattering at interfaces, all three transport properties, viz. the thermopower, electrical conductivity, and thermal conductivity, can be manipulated.
Thermoelectric transition-metal oxides can be categorized into four different classes based on their crystal structure as (i) wide-bandgap semiconductor oxides, (ii) perovskite-based oxides, (iii) layered cobalt oxides, and (iv) layered oxychalcogenides. Although wide-bandgap semiconductor oxides such as ZnO, SnO 2 , and In 2 O 3 exhibit high power factors of $10 À3 W m À1 K À2 to 10 À4 W m À1 K
À2
, their high thermal conductivity is an impediment to practical application as n-type thermoelectric materials. This high thermal conductivity is being addressed by in situ nanostructuring in doped ZnO and In 2 O 3 . Other wide-bandgap semiconductors with p-type conduction are the BiCuSeO-based oxychalcogenides, which show figures of merit close to unity due to the two-dimensional confinement effect based on the natural superlattice structure consisting of conducting (Cu 2 Se 2 ) 2À layers stacked alternately with nonconducting (Bi 2 O 2 )
2+ layers along the c-axis. Layered cobalt oxides such as Na x CoO 2 , Ca 3 Co 4 O 9 , and Bi 2 Sr 2 Co 2 O y with p-type conduction show figures of merit of $0.45 for polycrystalline samples arising due to the phonon glass-electron crystal nature of their structure of alternating stacks of CdI 2 -type ordered CoO 2 conducting layers and rocksalt-type disordered phonon-scattering layers. The simple perovskite-based oxides SrTiO 3 and CaMnO 3 are promising n-type candidates, achieving ZT % 0.4 due to their flexible crystal structure. Further studies have revealed that double perovskites with ordered-disordered structure would be potential candidates to explore as n-type oxide thermoelectric materials. Layered perovskites with Ruddlesden-Popper and Aurivillius structures need to be explored extensively to obtain better n-type oxide thermoelectric materials. Last but not least, efforts should be made towards exploring existing materials or identifying new materials that show both n-and p-type conduction, possess the same crystal structure, and exhibit similar physical and chemical properties leading to high conversion efficiency of oxide-based thermoelectric generators.
